One of the most intriguing features of entanglement is that entangled quantum systems exhibit exchange symmetry; that is, local quantum operations on the subsystems may be interchanged without affecting the quantum state. In this work, we investigate whether the exchange symmetry is preserved for the weak (or partial collapse) measurement, a type of quantum operation, in the presence of decoherence. Demonstrated using two entangled photonic polarization qubits, the experimental results clearly show that the exchange symmetry is broken once decoherence is introduced, even though the photons still share nonzero entanglement. Our results shed light on quantum state manipulation using general quantum operations on entangled quantum states in the presence of decoherence.
I. INTRODUCTION
A physical system is said to have symmetry if it is invariant with respect to a certain transformation, e.g., geometric, time reversal, particle exchange, etc. The physical symmetry not only simplifies the description of the physical system tremendously but also is regarded as one of the fundamental concepts in physics [1] . Various symmetries have been identified in different physical systems [2] [3] [4] [5] . On the other hand, symmetry breaking is known to occur, and the broken symmetry has been associated with the emergence of novel properties of a physical system [6] [7] [8] [9] [10] [11] . An entangled quantum system has been known to have an exchange symmetry; that is, local quantum operations on the subsystems may be interchanged without affecting the quantum state, which may be nonlocal [12] [13] [14] [15] .
In quantum physics, measurement has traditionally been associated with von Neumann measurement or projection measurement, in which the quantum state of the measured quantum system collapses randomly to one of the eigenstates of the measurement operator. This property arises because the measurement operators are assumed to be orthogonal to each other. In general, however, this does not need to be the case, and a more general measurement or positive operator-valued measure (POVM) may be introduced [16] . Weak (or partial collapse) measurement is an example of such a general measurement which does not fully collapse the initial quantum state to one of the eigenstates of the measurement operator [17] . Interestingly, a weak measurement may be reversed probabilistically by another weak measurement (namely, a reversing measurement), and as a result, the initial quantum state may be recovered, leading to the possibility of probabilistic quantum error correction [18] . The reversal of weak measurement for the quantum state recovery has been demonstrated using the superconducting qubit [19] and the photonic qubit [20] .
Weak measurement manifests an intriguing exchange symmetry in an entangled state [12] . Consider a pair of qubits in an * forestht@gmail.com † yoonho72@gmail.com entangled state | (see Fig. 1 ). As discussed above, a weak measurement performed on one subsystem can be reversed by another weak measurement (i.e., reversing measurement) on the same subsystem. Thus, the initial two-qubit entangled state | is trivially recovered in the local reversal scenario shown in Fig. 1(a) . Interestingly, we may apply the reversing measurement to the other qubit which had not been subjected to the weak measurement and still recover the initial entangled state | [see Fig. 1(b) ]. The fact that the quantum state remains the same regardless of the locations of the weak and reversing measurements clearly indicates the exchange symmetry of weak measurement in an entangled state, and this has recently been demonstrated using photonic qubits [21] .
In this paper, we investigate if the exchange symmetry is preserved for weak measurement in the presence of decoherence [22] . This is a particularly interesting problem as it is known that weak measurement can be used for decoherence suppression. Decoherence suppression for a single qubit is possible by applying weak measurement and reversing measurement, respectively, before and after the decoherence channel [23, 24] . Moreover, this decoherence suppression scheme can be extended to two-qubit systems [25] , and recent experiments have demonstrated that weak and reversing measurements may be used to protect entanglement from decoherence [26, 27] , even from strong decoherence which causes entanglement sudden death [28] [29] [30] . Here, we show that the exchange symmetry of weak measurement is broken in the presence of decoherence even though the system still has nonzero entanglement.
II. THEORY
We begin by briefly introducing the concept of weak quantum measurement, its reversing properties, and the exchange symmetry. Consider a single-qubit state |ψ 0 = α |0 + β |1 , where |α| 2 + |β| 2 = 1. The weak measurement operator W (p) = |0 0| + √ 1 − p |1 1|, where p is the strength of the weak measurement varying from 0 to 1, partially collapses the state towards |0 , and the state after the weak measurement becomes |ψ 1 
. If we now apply another weak measurement, R (p r ) = √ 1 − p r |0 0| + |1 1|, which partially collapses state |ψ 1 toward the opposite direction, the state be-
. If the reversing measurement strength p r = p, state |ψ 2 becomes the original state |ψ 0 , with the success probability of 1 − p. As discussed in Ref. [12] , the weak measurement applied to an entangled state exhibits the exchange symmetry. Consider a two-qubit entangled state | = α |00 + β |11 , where |α| 2 + |β| 2 = 1 and weak measurement W (p) is applied to one of the qubits (see Fig. 1 ). The reversing measurement R(p r ) can be applied to the same qubit [local reversal; If the reversing measurement strength p r = p, both local and nonlocal reversal scenarios give the same result; that is, the original state | is recovered, indicating the exchange symmetry of weak and reversing measurements.
Let us now investigate the exchange symmetry of weak measurement in an entangled state in the presence of decoherence. As shown in Fig. 2 , Alice prepares a two-qubit entangled state | and sends one qubit each to Bob and Charlie. The qubit being sent to Charlie undergoes a decoherence channel. Here, we consider amplitude damping decoherence in which the system qubit (S) couples to an environment qubit (E) by the following map: [24, 26, 29] , where D is the magnitude of the decoherence [16] . Note that, without weak and reversing measurements, the decoherence channel causes a nonunitary transformation of the initial two-qubit entangled state | to the two-qubit mixed state ρ D , and as a result, the degree of entanglement is reduced. Concurrence C, which quantifies the degree of entanglement [31] , for state ρ D is then calculated to be C D = 2|α| (1 − D)(1 − |α| 2 ). We now consider applying weak and reversing measurements similar to those in Fig. 1 
and
respectively. Interestingly, C B is independent of p, so for a given D, the concurrence is fixed regardless of the strength of the weak and reversing measurements. Also, C B < C D unless D < (2 |α| 2 − 1)/ |α| 4 , which means that doing the weak and reversing measurements makes the situation worse, reducing the amount of entanglement even further. Note that if |α| < 1/ √ 2, C B is always less than C D . On the other hand, C C approaches the concurrence of the initial entangled state, 2 |α| 1 − |α| 2 , with stronger weak measurement.
III. EXPERIMENT
To demonstrate the hitherto described effect of decoherence-induced exchange symmetry breaking, a pair of photonic polarization qubits and linear optical implementations of the weak measurement and the decoherence channel were used. The experimental setup is schematically shown in Fig. 3 . A two-photon polarization state is generated by using the spontaneous parametric down-conversion process from a 6-mm-thick type-I β-BaB 2 O 4 (BBO) crystal pumped with a 405-nm diode laser operating at 100 mW. Interference filters with a FWHM bandwidth of 5 nm are used to spectrally filter the photons. The two-photon maximally entangled state | with |α| = 1/ √ 2 is prepared using the Shih-Alley quantum interferometry scheme [32] . Here, |0 and |1 refer to the horizontally and vertically polarized photons, respectively. The weak and reversing measurements for the polarization qubit can be implemented with half-wave plates (HWPs) and a Brewster plate, i.e., a glass plate oriented at the Brewster angle [20] .
The amplitude-damping decoherence channel is implemented by using a displaced Sagnac interferometer, as shown in Fig. 3 [24, 26, 27, 29] . The environment qubit is encoded in the path of the single photon. The horizontally polarized photon (|0 S ) transmits the polarizing beam splitter (PBS) and always goes out into the |0 E path, maintaining its polarization since it passes through HWP with an angle of 0
• . On the other hand, the vertically polarized photon (|1 S ) is reflected at the PBS and is then transformed into
after transmitting through the HWP with an angle of θ . When the state comes out from the PBS, the state has the form
Finally, in order to trace out the environment system, we add a beam splitter (BS) to incoherently mix two environment qubits, |0 E and |1 E . Note that the path length difference between the |0 E and |1 E modes is much larger than the coherence length (∼140 μm) of the single photon. First, for the initial entangled state | , we introduce the decoherence D gradually, without any weak and reversing measurements. The resulting quantum state ρ shared by Bob and Charlie is reconstructed via quantum state tomography [33] . The concurrence C calculated from this measurement is plotted in the inset of Fig. 4(a) . This data set clearly shows that, due to the decoherence, the two-qubit state is losing entanglement.
IV. RESULTS AND ANALYSIS
We now examine the four scenarios depicted in Fig. 2 by introducing weak and reversing measurements. The decoherence was set at D = 0.617, and for each weak measurement strength p, the reversing measurement strength p r = p + D(1 − p) was chosen. For each scenario in Fig. 2 , the quantum state shared by Bob and Charlie was reconstructed for several different values of p. The concurrence values calculated from the reconstructed quantum states are shown in Fig. 4(a) . The experimental data clearly show that, as discussed theoretically above, the four weak and reversing measurements scenarios in Fig. 2 exhibit two distinct quantum states due to nonzero decoherence. From the perspective of state evolution, this is due to the fact that, while the weak measurement may be applied to either of the two qubits without affecting the final state, the location of the reversing measurement affects the final state. In other words, the decoherence suppression effect of weak measurement emerges only when the reversing measurement is applied to the qubit experiencing the decoherence. This aspect of the result is clearly shown in Fig. 4(b) , where the concurrence is plotted as a function of the linear entropy of the two-qubit state S L = 4(1 − tr[ρ 2 ])/3, which is a measure of the mixedness of quantum states [34] . With D = 0.617 and no weak and reversing measurements applied, the final state lies between the maximally entangled mixed state (MEMS) and the Werner state lines [35] . When the reversing measurement is applied to the qubit experiencing the decoherence, i.e., as done by Charlie, the stronger the weak measurement strength is, the higher the state purity and entanglement are. Note that, ideally, ρ C is a MEMS if the initial state is maximally entangled, i.e., | with |α| = 1/ √ 2. On the other hand, when the reversing measurement is done by Bob, changing the weak measurement strength has no effect on the state purity and entanglement. It is also interesting to note that decoherence-induced symmetry breaking is observed even though the decoherence only partially reduces the amount of entanglement in the two-qubit system.
V. CONCLUSION
In summary, we have shown in theory and in experiment that the exchange symmetry of weak measurement in an entangled state is broken when decoherence is introduced. Decoherenceinduced exchange symmetry breaking of weak measurement occurs even though the qubits still share non-zero Weak measurement strength p entanglement. Our results show that the decoherence suppression effect of the weak quantum measurements can be utilized only if the reversing measurement is applied to the qubit experiencing the decoherence. Hence, our results provide information on how and where to apply weak and reversing measurements to suppress decoherence in an entanglement distribution scenario between two distant parties [36] . Furthermore, in the context of the trade-off relations among information gain, state disturbance, and the reversibility of weak measurement [37] , our results help to reestablish the trade-off relations when decoherence is introduced. Since weak measurements are local operations, our results could be extended to multipartite systems. We thus believe that our results shed light on multiqubit quantum state manipulation using general quantum operations in the presence of decoherence.
